Abstract: Online partial discharge (PD) monitoring systems are traditionally installed at a single mediumvoltage (MV) cable connection between two ring-mainunits (RMUs). It is more efficient to monitor two or more consecutive cables using a single monitoring system. Moreover, practical experience with the PD-OL system [1], shows that for substations, with many parallel MV cables, and RMU s installing the inductive sensor may be hampered or even impossible. In this paper the influence of RMUs and substations on the propagation of PDs is studied. An RMU or substation can be modeled as a combination of complex impedances representing switchgear, transformer and MV cables. A PD pulse from a cable encounters a load impedance that does not match the cable's characteristic impedance, resulting in partial reflection and partial transmission transmission to other cables. Models for RMUs and substations are proposed and verified by measurements. Feasible options for online PD monitoring through RMUs or substations are determined.
INTRODUCTION
In recent years, there is an increasing interest in online monitoring systems that detect and locate PDs in MV cables. These systems are usually installed on a single cable section between two RMUs. Location of the PD origin can be achieved by installing a PD measurement unit at both cable ends and by evaluating the difference in arrival time of the PD pulse at both units. It would save money and effort to monitor two or more consecutive cables, with one or more RMUs along the cable connection, using only a single monitoring system (consisting of two measurement units), see Fig. 1 . Moreover, practical experience with the PD-OL system [1] with inductive sensors, showed that for large substations comprising many components, and sometimes also for RMUs, installation is hampered or even impossible. Some installations, for example, do not provide sufficient space for installing the measurement unit at the desired location at the cable. Monitoring two consecutive cables, at both sides of the RMU/substation, solves this problem.
An RMU or substation along the cable connection that is being monitored affects PD pulses propagating through it. An RMU or substation acts as a complex impedance combining the influence of switchgear, trans-978-1-4244-4368-0/09/$25.00 ©2009 IEEE 441
former, MV cables, and other components such as line reactors. Therefore, the load impedance as seen by a PD pulse arriving from a cable is not matched to the cable's characteristic impedance. The pulse will partly reflect and partly transfer to outgoing MV cables, resulting in a distortion of the pulse shape and amplitude. The significance on the performance of the PD monitoring system is investigated in this paper. First, models for typical RMUs and substations are developed. Next, the models are verified by field measurements. Finally, simulations using these models are performed to investigate the influence of RMUs and substations on propagating PD pulses and the resulting influence on the performance of the PD monitoring system.
RMU AND SUBSTATION MODEL
RMUs and substations basically have a similar topology. There are one or more incoming MV cables that are connected to a common busbar via a switchgear. In addition, one or more transformers can be connected to the busbar. A modular installation consists of a series of compartments. Each compartment connects a single circuit or transformer to the busbar. The main differences between an RMU and a substation are the number of connected cables and the dimensions of each compartment. A typical RMU applied in the Dutch grid has 1-5 connected cables, while a substation has 5-30 cables. The width of each compartment in an RMU is typically in the range of 10-40em, while in a substation the width ranges from 40-150cm.
The model presented in this section is based on a more detailed model presented in [2] and is adjusted so that it can be applied to both RMUs and substations. Also some elements of the original model that have hardly influence in the frequency range 100 kHz-5 MHz are removed. Two or more consecutive cables, as considered here, usually have a total length exceeding a few hundred meters. PD signals after having traveled this distance will hardly have energy above 5 MHz.
In Fig. 2 the equivalent circuit of an RMU/substation is depicted. Each compartment has a load impedance ZL in series with inductance L s . The impedance ZL represents the component that is connected to that compartment, usually an MV power cable or a transformer. The inductance l-« is the inductance of the loop from the connected component to the busbar. The inductance Lbb is the inductance between busbar and earth over the distance of the width of one compartment. (1)
and
Ring-main-unit measurements
where lcl is the current measured at PLECI (incoming cable), Ic2 the current measured at PLEC2 (outgoing cable), ltcc the current at earth TCe. H c 2 is the transfer function from the incoming to the outgoing cable, and H tcc the transfer function from the incoming cable to the earth of the transformer connecting cables . An example of the measured H c 2 and H tcc for one RMU is plotted in Fig . 4 . The transfer functions H c 2 and H tcc can ben expressed in terms of the model parameters in Fig. 3 . The parameter values for the model are found by a fitting procedure that minimizes the mean absolute relative error between the measured transfer functions and the modeled transfer functions. The model has nine parameters and therefore also local minima may exist. In order to converge to the global minimum the starting values must be chosen accurately. Often, one or two resonances can be observed, as is the case in Fig. 4 near 2 MHz and 3 MHz . The products 4rCtr and LtccCtcc are chosen such that they match these frequencies . The capacitance of the transformer connection cables can be estimated by multiplying the length with the capacitance value taken from the cable datasheet (~140nF1m). Earlier impedance measurements [2) showed that the typical characteristic impedance (Zc) of a three -core JOkY PILC cable is approximately JOO and that the total inductance of the loop between two installed MY cables is approximately 800nH. The total inductance of the loop between the two MY cables in the model in Fig. 3 is 2L s +Lbb. Because contains 2 transformers and five cable connections.
To be able to study the effect of an RMU or substation on the propagation of PO pulses typical values for the components in the presented model must be known. The model parameters were determined using measurements for several RMUs . A pulse is injected inductively at one cable end . In the RMU at the far end the resulting waveform is measured at three locations: around the incoming and outgoing cables (PLECI and PLEC2), and around the common earth connection of the transformer connecting cables (earth TCC). These location are indicated in The proposed model is verified by measurements on an RMU and a substation. The RMU involves three compartments, two cable and a transformer. The substation In Fig. 3 the load impedance ZL in each compartment is replaced by equivalent circuits of the connected components for an RMU with three compartments (two MY cables and an MY/LY transformer). The MY cables are represented by their characteristic impedance Zc. The transformer is modeled by the capacitance C tr between transformer windings and grounded core and casing, inductance L tr of the windings and the loop of the connecting cables, and resistance R tr representing losses in the transformer. The transformer connection cables (TCC) that connect the transformer to the busbar are modeled by the capacitance C tcc from cable conductor to earth screen, inductance 4cc of loop and earth connection, and resistance R tcc representing losses. 
Substation measurement
The proposed models for RMUs and substations allow us to predict their effect on the PD waveform. The signal distortion and the effect on location accuracy is studied .
Effect of ring-main-unit
The effect of an RMU can be expressed in the total transfer function H rrnu . This transfer function is a combination of the transmission coefficient Tel from cable 1 to the RMU, and the transfer function H e 2 :
A measurement has been performed to verify the model of Fig. 2 . The measurement was performed in a compact substation with five connected MV cables and two transformers. Each compartment is 42 x 120 x 70cm (WxHxD). The transformers are connected to compartments 1 and 2, and the cables to compartments 3-7. For the measurement a pulse was injected inductively around the leftmost MV cable (in compartment 3). The injected current distributes over the other compartments. The injected current and the currents (/4 to 16)through the cables in compartment 4-6 are measured and the current transfer functions are calculated. For instance, in Fig. 5 the ratio H 4 6 = 14 /16 is plotted . Additionally, at each cable an impedance measurement is performed to determine the impedance of that compartment (jwL s + Ze) in series with the rest of the substation . The model parameters arc fitted by minimizing the mean absolute relative error between model and measurement: L s = 520 nH, Lbb = 140nH and Ze = 80.
At low frequencies the influence of the inductances are negligible and the ratio H 4 6 is determined by the characteristic cable impedances . Because Ze is equal for all the connected cables the ratio H46 plotted in Fig. 5 starts at 1. This means that the current injected around the cable in compartment 3 distributes equally over the other four cables . At higher frequencies the current distribution is mainly determined by the ratio of L s and Lbb .
.H e 2 (2) z; + Z load where Zload is the RMU impedance as seen by a pulse arriving from cable 1. H rrnu is plotted for a typical RMU in Fig. 6 . The parameter values for this simulated RMU were obtained by averaging the fitted parameters of measurements in five RMUs : L s = 340nH, Lbb = 120nH, 4r = 2.6.uH, C lr = 2.5nF, R l r = 120, u; = 1.2.uH, C lee = 1.9nF, RIce = 8.60, Ze = 100. The figure shows that for frequencies up to 1.5 MHz PDs pass through the RMU almost unaffected . Because higher frequencies attenuate stronger than lower frequencies the effect of an RMU in the cable under test is larger for shorter cables than for longer cables .
In order to determine the effect of an RMU on the location accuracy a simulation has been performed with a circuit with a total length of 1 km and an RMUs at 400m and at 900m. The RMUs along the cable have a total transfer function H rrnu as depicted with the solid black line in Fig. 6 . At its origin a PD pulse is simulated by a delta pulse. The propagation coefficient taken to simulate the PD propagation through the cable has been measured on PILC cable sample . The location accuracy is investigated by simulating PD measurements, as described in [3] . This simulation consists of a propagation time measurement followed by PD measurements for severalloca- inductances L s and Lbb. Because of this clear mismatch PD pulse reflection is guaranteed. This is illustrated by the reflection coefficient R su bs,5 depicted in Fig. 6 . R su bs,5 is even larger than the RMU transfer function for almost the complete frequency range . The precise value of the arrival time of (PD) pulses is ambiguous and depends on the pulse detection algorithm . A robust method, based on the signal energy criterion [3] , is employed here. The "measured" PD location is compared to the actual PD location.
In Fig. 7 the simulated location accuracy is plotted. As a reference simulation results of the location accuracy for the same circuit without RMUs along the cable under test is included . The introduction of the RMUs along the cable under test clearly introduces a location error. The maximum error is approximately 0.4% of the total cable length. For shorter cables this relative error will increase while for longer cables it will decrease .
Effect of substation
The model has also been applied to simulate the effect of a substation on PD pulse propagation. A substation with 15 connected MY cables has been modeled using L s = I.uH, Lbb = 300nH and Zc = 8Q. These values are larger than found for the measurement in the previous section because the average substation installation has larger dimensions than the installation of the measurement. A pulse from cable 5 is transmitted to cable 6. The total transfer function to the neighboring cable H su bs,56 is plotted in Fig. 6 . The substation transfer function is smaller than H nnu over the full frequency range . The transfer functions to cables at larger distance from cable 5 (not shown) are even smaller. A substation along the cable connection results in a large decrease in detection sensitivity. For a substation with many connected cables an alternative option for PD location can be considered . A single-sided measurement, based on time-domain reflectometry, with the substation at the far cable end is feasible. The load impedance of the substation is much lower than Zc of the cable for frequencies up to roughly 1MHz due to the many parallel cables . For higher frequency the load impedance is much higher due to the relatively large
CONCLUSIONS
Monitoring several consecutive cables with a single PD system is feasible, provided that there are only RMUs along the cable under test. An RMU along the cable under test does introduce a location error, but for most cable connections this error is within a usually accepted range of 1% for PD location in power cables. Only for short cables the error will be beyond this limit. A substation along the cable under test results in a large decrease in sensitivity and is therefore not recommended. An alternative is to perform single-sided PD measurements, using time-domain refiectometry for location, with the substation situated at the far end of the cable under test.
The RMU and substation models can be used to further study their effect on PD diagnostics when placed along the cable under test or at the far end . Future research will be directed to the effect of RMUs and substations on parameters important for PD diagnostics, such as the detection sensitivity and the charge estimation .
